In the harsh vacuum environment of deep space, surfaces shielded from the Sun may easily develop temperatures low enough to condense water vapor for extended periods of time. The condensed vapor will subsequently desorb at rates consistent with its temperature-sensitive equilibrium vapor pressure, and under certain circumstances it is important to predict this release rate. A review of available scientific literature to confirm model predictions indicated no such measurements had been reported below 131 K. Contamination control personnel at NASA Goddard Space Flight Center recognized the possibility they readily possessed the means to collect such measurements at lower temperatures with an existing apparatus commonly used for making outgassing observations. This paper will describe how the ASTM E-1559 "MOLEKIT" apparatus was used without modification to measure water vapor sublimation down to 120 K and compare this data to existing equilibrium vapor pressure models. In addition, an in-depth analysis of theoretical formulations for vapor pressure gives insight into the physical basis underlying characteristics associated with high-fidelity models.
INTRODUCTION
The NASA James Webb Space Telescope (JWST) project identified a need to measure water vapor desorption from cryogenic surfaces around 120 K in order to validate predictions of spacecraft design performance based on an understanding of Sunshield surface radiative property characteristics (large, lozenge-shaped blankets in Fig. 1 ). A review of available scientific literature indicated no such measurements had been reported below 131 K for evaluating the validity of different vapor pressure models. Contamination control personnel at NASA Goddard Space Flight Center (GSFC), Code 546, recognized the possibility they readily possessed the means to collect these measurements at lower temperatures with an existing apparatus commonly used for making outgassing observations. Generally, the ASTM E-1559 apparatus is used to measure outgassing from sample materials to assess their suitability for specific high vacuum applications. 2 Outgassing deposits from a sample accumulate on cryogenically cooled Quartz Crystal Microbalances (QCM's) at fixed geometry from the sample's temperature-controlled effusion cell. These elements are confined within a cryogenically cooled, high vacuum container. Under carefully controlled thermal conditions, outgassing rates on the order of picograms per second may be measured. This paper will describe how the GSFC ASTM E-1559 "MOLEKIT" apparatus was used without modification to measure water vapor sublimation down to 120 K and compare this data to existing equilibrium vapor pressure models. In addition, an in-depth analysis of theoretical formulations for vapor pressure gives insight into the physical basis underlying characteristics associated with high-fidelity models. Figure 2 . Representative water vapor data, curve fit. [3] [4] [5] [6] [7] The need to obtain low temperature water vapor desorption data was based on observations that various researchers recommend different equilibrium vapor pressure (p v ) model formulae, and almost all were based on data obtained at temperatures T above 150 K (Fig. 2) . 3, 4 At lower temperatures, some studies noted that measured pressure levels depend on the solid ice phase. [5] [6] [7] Hexagonal crystalline phase ice is the most stable form, followed by cubic crystalline and amorphous/vitreous phases. [5] [6] [7] Vapor pressures at a fixed temperature are enhanced in the metastable phases, with amorphous phase p v being highest. 6, 7 Murphy & Koop mention cubic phase ice having three to eleven percent higher p v than hexagonal phase ice. Sack & Baragiola cited a p v amplification of 100× for amorphous phase ice, although it appears they may have accidentally shifted 135 K data to 130 K to make this conclusion. An informal assessment of their data suggests a factor of 10-20× is more reasonable. 6 These metastable forms of ice relax to hexagonal over periods that are temperature-dependent, and can lead to scatter in p v measurements below 170 K. 6 Typically, each set of investigators develops a model from a theoretical basis and determines a fit curve to their p v data, assumed to be in the hexagonal phase. In Fig. 2 , notice p v becomes more sensitive to temperature as the latter decreases, and the JWST project required estimates at temperatures as low as 120 K. It is useful to review the forms of different models to gain confidence in their relative utility to this application. 
VAPOR PRESSURE MODEL CHARACTERISTICS

Clausius-Clapeyron Model
From a thermodynamic standpoint, the equilibrium condition for the presence of a single species in two phases in a given system (gas versus solid herein) is characterized by a minimum value for system Gibbs free energy G, and the Gibbs free energy per mole g is the same for both phases (solid 1 and vapor 2). 8 In differential form, dg 1 = dg 2 leads to the Clausius-Clapeyron equation:
In Eq. (1) RT l p dT dp = .
If it is assumed that l is independent of temperature, Eq. (2) may be integrated to find
Equation ( 
Quantum Statistical Mechanics
Using statistical mechanics, it becomes useful to work with the chemical potential μ. Although not generally valid, for a single species system μ can be considered equivalent to the Gibbs free energy per molecule. 8 A two-phase, single-species system in equilibrium is characterized by
In statistical mechanics, the state of a substance is described by its behavior as a molecular ensemble. A convenient function relating assorted macroscopic thermodynamic quantities is the partition function Z. The chemical potential μ 1 of the solid may be calculated by manipulation of Z via its relationship to the mean energy of the solid E 1 , which is a function of T. E 1 per molecule for N 1 molecules is given by a ground state reference value identified as the latent heat of sublimation per atom at absolute zero η, plus the integrated effect of solid specific heat c with temperature up to the equilibrium value under consideration. Converting the expression for E 1 to that for Z 1 and then to μ 1 , one finds:
For a monatomic species in gas phase 2,
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In Eq. (6), V & m represent the gas phase volume and species molecular mass, and k & h represent the Boltzmann and Planck constants. Assuming water vapor behaves like a perfect gas,
Since Eqns. (5) & (7) are equal, one may solve for vapor pressure p 2 :
Eqns. (8-9) exhibit a more complex behavior with temperature than Eqns. (3) (4) . It is noted that the double integral is a positive increasing function of T, 8 so, one would anticipate that η is the per molecule equivalent of l in Eq. (3).
However, Eqns. (8-9) only describe the vapor pressure of a monatomic gas, and generally only monatomic vapor pressure expressions are derived by this approach. If we wish to extend the derivation to a diatomic molecule in our temperature range of interest, we must include partition function expressions for rotational and vibrational degrees of excitation. The expression for μ 2 becomes
The form of Eq. (7) is evident in Eq. (10), but gas phase internal energy modes are also represented. Neglecting rotational-vibrational coupling, I rot represents the mean rotational moment of inertia, ω represents the angular frequency associated with simple harmonic oscillation for the molecule, and ħ is the reduced Planck constant. Solving for the equilibrium ideal gas vapor pressure:
Notice the more complex dependence on temperature in Eq. (11) relative to Eqns. (4) & (9). In particular, vibrational energy excitation produces an additional dependence in the 1/T term. Its coefficient no longer represents a simple heat of transformation, but contains parameters associated with both solid and gaseous phases. The contribution of vibrational modes of excitation typically represents ~0.05 eV, or 1.15 kcal/mole, 8 which is a perceptible ten percent fraction relative to η. Such a contribution is apparently overlooked in the literature. Furthermore, note that polyatomic H 2 O has more complex internal degrees of freedom than a diatomic molecule, and the formulation developed above would become even more unwieldly. What may occur in practice is that terms in an equation like (9) or (11) are replaced by products of simple functions of temperature and fit coefficients linked to experimental data.
PARTICULAR MODELS CONSIDERED
Based on their data for annealed ice (Fig. 3 ) and a mathematical model based on a statistical mechanics approach, Sack & Baragiola recommend the following formula: Another formulation was presented by Murphy & Koop. They identified an energy term as a latent heat of vaporization at ice's triple point L ice, t , and performed an integration of solid specific heat capacity over temperature based on data ranging down to 110 K along the lines of Eq. (9). The expression also included an integration of changes ascribed to non-ideal effects of water vapor that may be equivalent to the sorts of expressions presented in Eq. (11), but classified as part of the temperature dependence of latent heat of transformation for ice L ice (T). Ultimately, they found
It should be noted that this equation was developed using solid heat capacity data and non-ideal gas phase behavior rather than by direct fitting to the p v data that it was subsequently compared against. 7 The Murphy-Koop reference did present low-temperature data obtained by Bryson, et al (Fig. 3) . 7 Data presented in Sack & Baragiola ranged from 135-170 K and used a purpose-built vacuum facility with a deposition rate sensitivity level of 0.0005 monolayers/s. 6 With some assumptions about solid phase molecular diameters and quartz crystal microbalance (QCM) conversion factors, that sensitivity level appeared to relate to a QCM buildup rate above 10 Hz/hr. The ASTM E-1559 "MOLEKIT" ("Molecular Kinetics") facility at NASA Goddard Space Flight Center 2 was created to measure low outgassing rates and often exhibited sensitivity levels below 0.1 Hz/hr. These observations led us to consider using MOLEKIT to measure desorption rates at temperatures below 135 K.
MOLEKIT TEST APPARATUS DESCRIPTION
The GSFC MOLEKIT system consists of a test chamber featuring axial symmetry and a loading chamber (load chamber, four-way cross, Fig. 4a ). The test chamber (about 36 cm outer diameter, 46 cm high, Fig. 4b The other chamber is used for loading sample specimens into the effusion cell (EC) for introduction to the test section. MOLEKIT has two separate pumping systems, one to maintain the QCM chamber under vacuum, and the other to pump the loading chamber down and maintain vacuum during the first hours of testing.
(a) (b) During a test run, system QCM's are generally held at individually-controlled, constant temperatures significantly cooler than the sample in its effusion cell. Effluents outgassing from the EC specimen deposit on the QCM sensors over time. Having established the relative geometry between the QCM's and the EC orifice, it is possible to directly relate collection rates of effluents condensable at individual QCM sensor temperatures to sample mass loss rates based on molecular flow theory. 
General Test Procedure
MOLEKIT is usually employed to obtain outgassing measurements from nonmetallic substances. During a typical test run, the MOLEKIT system operating procedure allows the QCM's to stabilize for 15-20 hours' duration with respect to frequency at test temperature. Before the sample is admitted to the chamber, it is usually allowed to reach equilibrium with ambient atmospheric conditions for a day. The sample specimen is weighed immediately prior to introduction to the effusion cell.
After the sample is incorporated, the EC is placed into the load chamber and the chamber is evacuated. In two minutes, the load chamber is under high vacuum and exposed to the test chamber. The EC is then positioned approximately six inches (150mm) from the QCM's along the system's central axis. It is then set to its operating temperature, at about 10 K/minute, so the EC may take several minutes to reach its operating temperature.
The sample is left in the chamber for a predetermined period or until QCM buildup rates have dropped below limits of detectability. Such limits depend on system thermal stability, and for the MOLEKIT system these limits lie around 0.1 Hz/hr. Once the sample is returned to the load chamber, this section is vented with dry nitrogen gas boiled off from LN 2 dewars, and the sample can be removed in ~1 hr. for post-test weighing.
Desorption Test Procedure
Experience indicates that G10 fiberglass readily absorbs atmospheric moisture which it will release under high vacuum conditions, along with negligible amounts of other effluents, thus providing a relatively pristine source of water vapor. It is also a useful representative of materials to be used in JWST's construction. A G10 cube measuring 45.5×40.5×18.5 mm was placed within the MOLEKIT EC after having been subjected to local atmospheric conditions over an extended period.
The sample cube nearly filled the EC interior completely. The objective in this case was not to measure G10 outgassing under a fixed set of conditions but simply to use the sample as a water vapor source for collection by QCM's operating at different fixed temperatures ranging from 90-140 K. After the QCM's collected an arbitrary amount of vapor, the EC would be withdrawn from the test chamber, and QCM temperatures would remain unchanged. From that moment the sensors would themselves become sources for desorption. QCM frequencies would continue to be recorded every minute over approximately the next day to observe the mass loss per time at each QCM temperature.
In order to convert mass loss desorption fluxes φ & to p v , equilibrium conditions and ideal gas behavior were assumed. Under such conditions, the Hertz-Knudsen equation applies:
The desorption flux φ & is measured by the QCM in terms of Hz/hr, which may be transformed via the QCM manufacturer's conversion factor into cgs units of g/cm 2 /s, then to p v via Eq. (14).
RESULTS & DISCUSSION
During a test run, after a QCM equilibration period demonstrating empty chamber frequency changes below 0.01 Hz/hr over 10-20 hrs., the G10 sample block was exposed to high vacuum within the test chamber. The EC heated the sample as needed to allow enough water vapor to deposit on the QCM's, on the order of 10 4 Hz over baseline frequencies in a 1-2 day period.
Once the sample was removed, QCM rates rapidly changed from positive to negative as desorption commenced at constant sensor temperatures (Fig. 5, below) . Since the QCM sensor crystals have no view to one another in the MOLEKIT test chamber, desorption occurs on each sensor independently, and so may be measured at up to four different temperatures simultaneously within the test chamber. Figure 5 depicts a typical response, with initial negative slopes indicating desorption rates were higher than their ultimate values, indicating early period enhancements in sublimation were occurring.
Such early-period desorptive behavior was studied in detail by various researchers, who identified this rate relaxation as being consistent with changes in the solid phase from metastable (amorphous or cubic crystalline) to stable (hexagonal crystalline morphology). 6, 7 The amplitude of this relaxation phenomenon at 140 K appeared to exhibit exponential decay, with a time constant of 6.5 hrs. According to Murphy & Koop, cubic crystalline desorption rates may be only 3-11% higher than hexagonal. 7 In this study, early slopes tended to be 33-43% higher or less. Not all QCM's measured significant slope changes in this study, and according to Sack-Baragiola the relaxation phenomenon depends on a number of factors such as prior deposition rate; 6 such factors were uncontrolled in this study.
The MOLEKIT facility was operated for two runs with QCM's collecting material between 90-140 K. Unfortunately, no useful data was obtained below 120 K, although measurements at this temperature were consistent with sustained changes in QCM frequency of 0.10 Hz/hr for more than 60 hrs! Long-term desorption rates were plotted and compared to other low-temperature data and Eqns. (12-13) (Fig. 6 ). It appears that MOLEKIT results trend with low-temperature data of Bryson, et al. above 140 K, while SackBaragiola data are consistently higher, as are the Bryson data below 140 K. 6, 11 It is unclear how long a run time was used for the Bryson measurements, however Sack & Baragiola mention typical measurement periods of about 15 min. per run in their study, although some relaxation data extend to 200 min. 6 In contrast, the desorption period for MOLEKIT runs lasted 40-60 hrs. It may be possible that the other low-temperature data were exhibiting an increasing influence of metastable solid phase behavior.
All things considered, it was remarkable to discover close agreement between MOLEKIT results and the MurphyKoop formula, considering how it had been derived indirectly from heat capacity data and non-ideal gas phase behavior.
Modifying the Sack-Baragiola activation energy from 0.45 eV to 0.46 eV, one may achieve a similar level of agreement with MOLEKIT results. Observing the magnitude shift created by 0.01 eV (~0.116 kcal/mole) in Fig. 6 , it is curious that Sack-Baragiola reported a measured activation energy from their data that was only accurate to ±0.03 eV. 6 Returning to the M-K formula, it is apparent that this representation faithfully reproduces p v, H2O over a very wide range of temperatures (Fig. 7) . 
CONCLUDING REMARKS
The NASA GSFC ASTM E-1559 MOLEKIT apparatus was identified as a useful tool for performing temperaturedependent desorption measurements, requiring no special preparation beyond normal operational procedures. Its excellent system-level thermal stability allowed JWST personnel to obtain credible water vapor desorption data at temperatures below those found in the general body of scientific literature. The ability to collect desorption measurements over periods orders of magnitude longer than other, purpose-built systems may demonstrate that such long data-collecting periods are necessary in order to minimize the influence of metastable ice phases on sublimation rates.
The relatively low number of data presented from this study are due to circumstances of convenience from the engineering standpoint of the JWST program; future testing can occur if it is deemed necessary.
An in-depth analysis was also developed for water vapor desorption behavior from theoretical considerations. The progression from monatomic to diatomic species p v expressions identified the necessity of taking into account the temperature dependence of allowable energy states in the heat of transformation for polyatomic molecules. Taking such factors into consideration, the Murphy-Koop formulation for p v, H2O appears to fit crystalline ice desorption data from various experiments with excellent precision from room temperature down to at least 120 K. 
